This paper deals with the analysis of strength and plastic characteristics of commercially pure (CP) titanium specimens as a function of equivalent plastic strain accumulated during
Introduction
Severe plastic deformation (SPD) processes use large hydrostatic pressure to accumulate high strain in bulk billets and refine the grain size to submicron scale. [1, 2] From the standpoint of grain refinement and mechanical property improvement, high-pressure torsion (HPT) process can be considered as the most effective one. [2] This technique was first proposed by P.W. Bridgman, [3, 4] whose seminal work devoted to metal forming under the influence of shear strain and high hydrostatic pressure laid down the foundation for SPD area of research.
HPT method realizes simple shear deformation mode and allows to process the material by imposing a high level of hydrostatic pressure that can reach up to 9 GPa. [5] These distinctive features of HPT process enable us to refine the initial grain structure to nanoscale level, i.e.
obtain an average initial grain size of less than 100 nm. [6] However, the major limitation of this SPD technique is the small size of the processed samples, which are typically discs of diameter 10-15 mm and thickness 1 mm. A series of studies have been conducted to overcome this limitation and implement HPT method for bulk workpieces [7, 8] as well as apply continuous HPT for processing long billets. [9, 10] Twist extrusion (TE) is another SPD technique [11, 12, 13] with a simple shear deformation scheme close to that implemented in HPT. In this process, a bulk billet is pressed through a die comprising two straight channels which separated by a so-called twist channel. The twist channel can be characterized by its twist angle , length L and radius R (see Figure 1) .
Fig. 1. Twist extrusion scheme: illustration of die angle β, twist-channel length L and twist angle χ.
A geometrical feature useful for characterizing the twist channel is the angle between the axis and the tangent to the helix of the twist channel. This angle, which will be termed as the die angle β, relates to other geometrical features of the twist channel as
TE can be considered, to some extent, as an industrial variant of HPT designed for bulk billet processing. [14] To a first approximation, it can be assumed that TE is equivalent to deforming discrete cross-sections of the billet through HPT. In TE, initially, torsion to a certain angle is achieved in one direction, and then, torsion to the same angle, in the opposite direction, i.e.
the deformation is cyclic with the amplitude of the quasi-monotone part equal to half the full strain (see Figure 1) . Typically, for the dies used, the accumulated strain per pass is about 1.2. [15] Since the cross-sectional shape of the billet is constant along the extrusion direction, multiple passes of TE can be performed to accumulate large plastic strains in the processed material.
Owing to the fact that TE is often associated with HPT, some researches assign to TE the same shortcomings as observed for HPT. [2, 16] These being significant non-uniformity of deformation, resulting in inhomogeneous distribution of mechanical properties along the sample cross section, as well as pure (or even complete absence of) deformation of the material in the vicinity of the extrusion axis.
The problem of lack of deformation in the center of the sample during HPT was investigated by a number of researchers, who studied grain refinement and accumulated strain around the axis of rotation. [17, 18, 19] There is some controversy in literature on this subject, as both homogeneous [17, 20] and inhomogeneous [18, 19, 21] distribution of grain size and microhardness in the sample cross-section has been reported. Some researchers confirm that after a large number of HPT revolutions, the material in the cross-sectional center accumulates large plastic strains that results in improvement of mechanical properties and grain refinement to the same degree as observed in the peripheral areas. [20, 22, 23] Another group of researchers came to the conclusion that processed material located exactly on the axis of rotation stays undeformed even after a large number of HPT revolutions. [18, 19, 24] For example, A. Vorhauer and R. Pippan carried out a rigorous investigation of the central region of HPT samples from austenitic steel after different number of revolutions. [18] They demonstrated that the center of the samples still has nearly undeformed grains even after a large number of revolutions (up to 16 revolutions). Similar results were reported for other materials as well. [19, 24] Y.Z. Tian et al. [19] published experimental data that demonstrated a reduced microhardness in the central regions of Cu-Ag-Zr samples even after 20 revolutions. A. Vorhauer and R. Pippan [18] attributed this discrepancy in the results for the central region to 3 reasons: (1) the difficulty in performing an ideal HPT deformation owing to the unavoidable minor misalignment of the axes of the anvils, (2) the presence of compressive deformation and (3) technical difficulties with detecting small almost undeformed area in the axial zone of the specimen processed by 5 HPT. All these reasons make the realization of precise experiments for studying material in the axial zone problematic.
Owing to the similarities between TE and HPT processing schemes and the foregoing considerations, the strain accumulated, microstructure refinement and mechanical properties in the axial zone of a billet processed by TE are of particular interest. A detailed analysis of this topic has not been done so far. This article presents the results of our analysis of TE as a technique for implementation of HPT to bulk samples. The correctness of such a comparison is discussed. The question of deformation in the axial zone of the billet is considered as well.
To this end, an analysis of deformation modes on the billet axis during TE and HPT was carried out. Strain state and mechanical properties of commercial purity (CP) titanium billets processed by TE were studied in both axial and peripheral areas of the cross-section. A possible explanation for the hardening of the central zone of the billet during TE is offered.
Non-uniformity in the mechanical property distribution is quantitatively estimated in the billet cross-section. The threshold value of accumulated plastic strain for an ideal plastic behavior of CP titanium during TE was defined. The conditions under which the strength and plastic characteristics of CP titanium attain their saturation values were formulated.
Experimental procedures

TE and mechanical tests
Hot-rolled CP titanium grade VT1-0, containing O -0.12wt% H -0.01wt% N -0.04wt% C -0.07wt% Fe -0.18wt%, was processed by TE. The titanium billets with dimensions shown in In order to evaluate the mechanical properties and their homogeneity in the billets crosssections, the processed samples were cut into half along the transverse direction and thereafter these pieces were cut into small specimens along the extrusion axes as it shown in Figure 2a .
In such a way, each half of the billet was cut in the direction parallel to the extrusion axis into 31 small tensile test specimens. The specimens had an overall length of 19.5 mm, gage length of 7.5 mm and a nominal diameter of 1.5 mm (see Figure 2a) . Thus, for each of 31 reference points in the cross-section, two specimens (one from each half of the billet) were tested in tension, in the same manner as it was done in earlier studies. [25, 26] The mechanical properties for the reference points were calculated as the arithmetic mean of the results from the two specimens. The coefficient of variation CV was used for quantitative assessment of mechanical properties variability in the cross-section of as-received and processed billets. CV was calculated as the ratio of the standard deviation SD to the mean (average) value of mechanical characteristic in the ross-section x :
The tests were conducted on a Model 1185 INSTRON testing machine at room temperature and a strain rate of ~1.4×10 -3 s -1 . The strength properties σ UTS (ultimate tensile strength) and σ YS (yield stress), as well as plastic characteristics δ (elongation to failure) and ψ (reduction in area) were measured for all 31 points of each billet cross-section.
Finite element analysis procedure
A large number of publications on TE revealed that the strain state during the process is substantially non-uniform throughout the sample cross-section. [15, 27] The value of equivalent plastic strain increases towards the peripheral regions of cross-section, being the smallest near the extrusion axis. Therefore, each sample cut out from a particular region of the billet crosssection after TE processing has a corresponding value of accumulated plastic strain. Thus, the strain values for workpieces cut out from the central and peripheral areas can differ from each other by more than twofold. Therefore, finite element (FE) simulations were performed for an accurate analysis of the strain state in the billet cross-section and for defining accumulated plastic strain for each small-size tensile test specimen. The data obtained from finite element analysis (FEA) and tensile tests were used for plotting true stress -true plastic strain curves describing the strain-hardening behavior of CP titanium processed by TE.
All FE simulations of the TE process were performed using DEFORM 3D TM Ver.11.0.2 FE package. The tool and die channel geometry, as well as sample dimensions used for the FE model were identical to those described in the previous subsection (see Figure 2) . The plunger and TE die were modeled as rigid bodies, and 50,000 deformable tetrahedral elements were used to describe the plastic flow of the billet. Adaptive mesh refinement and automatic 8 remeshing were employed to simulate accumulation of large strains during TE process. The velocity of the main plunger was maintained at 3 mm s -1 in all simulations.
Von Mises plastic model and the stress-strain relation in the form of Hollomon-type function obtained by fitting compression test results from an earlier study were employed (see ref. [28] for the details):
where  is von Mises strain and  is true stress of processed material.
A back-plunger with an applied force played the role of back pressure. Taking into account the fact that the value of back pressure during TE is comparable to the yield stress of the processed material, the friction stress reaches high levels and can be defined according to Siebel friction law:
where m = 0.05 is the friction coefficient between titanium and steel. [28] One pass of TE was simulated with the FE model and the equivalent plastic strains defined for each small-size tensile test specimen. To find out the value of accumulated plastic strain for each sample after multiple TE passes, the equivalent strain after the first pass was multiplied by the number of passes.
Results
Comparative analysis of deformation mode during TE and HPT processes
To understand the difference between the scheme of HPT and TE, the velocity gradient tensor was analyzed for both processes. According to Figure 2a , the line of die symmetry is the extrusion axis, which corresponds to the Z axis in the Cartesian frame (x, y, z). Supposing V to be the velocity field of the metal flow in TE, an analysis of the velocity gradient tensor gradV on the Z axis can be carried out. It is evident that V x = 0 and V y = 0 on the axis of symmetry. It follows therefrom that on this axis,
For the case of a stretched profile with two axes of symmetry, e.g. rectangular-type profile, the TE die has axis of twofold symmetry. This means that the rotation of the die by π radians about the Z axis will not change the components of gradV tensor on the axis of symmetry. At the same time, such a rotation operation leads to the following transformation of coordinates:
Substituting (6) into (5) gives:
It follows from (7) that on the axis of symmetry,
Thus, a velocity gradient tensor on the axis of symmetry in TE can be written as follows: 
It can be concluded from a comparison of (9) and (14) that the differences in the profile symmetry in TE and HPT lead to differences in the gradV tensor on the axis of symmetry. As a result, the following components of strain rate tensor appear at the center of TE profile: 
These particular components of strain rate tensor are responsible for accumulating large plastic strains and grain refinement in the axial zone during TE. On the other hand, in the case of HPT, all components of strain rate tensor on the symmetry axis are equal to zero. This fact was experimentally proved by Vorhauer and Pippan in ref. [18] Besides the purely geometric considerations listed above, the real TE process has a number of other factors (see detailed description in ref. [27, 29] ) that lead to in-plane and out-of-plane distortion of the sample layers (see Figure 3 ). Among these factors are friction effects, strain hardening behavior of the material, and higher contact pressure in two diagonal corners of the profile. The influence of these factors is studied in ref.
, [27] where authors have shown that strain at the center of the sample cross section increases with an increase in friction, strain hardening and die angle .
12 of the cross-section (see Figure 4) . As was shown in an earlier study, [28] the value of strain accumulated at the end of multipass TE processing can be obtained to a first approximation by multiplying the strain value after one pass by the number of TE passes. This means that multipass TE processing can result in large plastic strains accumulated at the center of the profile. The experimental results given below prove significant strain-hardening of the axial zone.
Fig. 4. FE simulation: map of plastic strain values in the cross-section of CP titanium billet processed by 1 TE cycle.
Distribution of mechanical properties after 2 and 4 passes of TE
The results of tensile tests performed on the specimens are summarized in Figure 5 , which shows the strength property distribution over the billet cross-section after 2 and 4 TE passes (henceforth referred to as just 2 and 4 passes for brevity).
Fig. 5. Strength properties distribution over the billet cross-section: (a,b) distribution of σ UTS and σ YS , respectively, for billet#1 (2 passes at 350C and 200 MPa backpressure); (c,d) distribution of σ UTS and σ YS , respectively, for billet#2 (4 passes at 350C and 200 MPa backpressure).
It can be seen from Figure 5 that, the values of strength properties are non-uniform within the cross-section of the billet after 2 passes, with lower values in the center and increasing monotonically towards the edge (see Figure 5a ,b). These results are in accordance with the distribution of equivalent plastic strain within the cross-section of the billet shown in Figure 4 .
The non-uniformity of deformation results in inhomogeneous distribution of mechanical properties along the sample cross section.
At the same time, Figure 5c ,d demonstrates a tendency towards decreasing non-uniformity of the strength characteristics along the billet cross-section with increasing numbers of TE passes. Figure 5c ,d shows that after the forth TE pass the area with lowered strength properties shifted from the center of the billet towards the periphery of the cross-section. Table 1 summarizes results of tensile tests and shows data on variability of mechanical properties after 2 and 4 passes. (2) It can be seen from Table 1 that the σ UTS and σ YS of the billet#1 after 2 TE passes have increased by 30% and 60%, respectively, compared to their initial values. The non-uniformity of the σ UTS and σ YS distribution has increased after TE compared to the as-received condition;
the CV increased to 3.4% and 3.9%, respectively. As a result, the SD (standard deviation) of σ UTS and σ YS slightly increased to the values 18-22 MPa. The CV of plastic properties δ and ψ remained nearly the same.
Following two TE cycles did not result in considerable increasing σ UTS and σ YS (see billet#2 in Table 1 ). However, a tendency towards increasing homogeneity of mechanical properties in 15 the billet cross-section was observed. The CV for all mechanical characteristics decreased slightly after the fourth pass. This observation suggests that, despite non-uniformity of deformation during TE, the distribution of mechanical properties along the sample crosssection becomes more homogenous with increasing numbers of TE passes. techniques to obtain final shape of the product. At the same time, the value of δ (elongation to failure) decreased after TE processing (see Table 1 ). The δ is composed of uniform elongation before necking δ u and reduction in area ψ. As mentioned above, the latter plastic property remained the same, so it can be assumed that decreasing of the δ was caused by decreasing of the δ u value. This fact indicates high hardening of the material after TE processing. Taking into account decreased gap between σ UTS and σ YS values after TE compared with as-received state, it can be concluded that hardening of the material is close to the upper limit values. A more detailed study on the ductility in UFG materials is given in an earlier study. [30] 4. Discussion Figure 6 summarizes all the tensile test results plotted as mechanical properties versus accumulated plastic strain coordinate representation. These curves were constructed by combining the tensile test results, performed on small-size specimens cut out of the billets after 2 and 4 passes, with the maps of strain distribution within the billet cross-section obtained by FEA of multipass TE (see Figure 4) . Each point in Figure 6 corresponds to a particular small-size specimen with a certain value of accumulated plastic strain. The black trend line in Figure 6a was plotted by approximation of experimental data with the
where S  is the steady state flow stress (599.1 MPa), YS  is the initial average yield stress (358.3 MPa), N is the non-dimensional material constant (1.16).
The trend lines for Figure 6b ,c,d were plotted in a similar manner. The plots shown in Figure 6 demonstrate that the strength and plastic characteristics of CP titanium billets after TE attain a saturation level with the rise in accumulated plastic strain, i.e. the processed material demonstrates neither strain-hardening nor fracture. This fact indicates the occurrence of an ideal plastic state. It is reasonable to assume that its onset is caused by the stabilization of microstructure in the processed material. The saturation of properties occurs once the accumulated plastic strain exceeds some saturation level e s . This saturation effect was obtained for CP Ti billets processed by TE under the following conditions:
-pressure in the deformation zone in the range 300 to 700 MPa;
-equivalent plastic strain in the range 4 to 8;
-and temperature range 300ºC -400ºC.
For the case of CP Ti processed under the above mentioned conditions, the strain saturation level was e s ≈ 4. It can be seen from Figure 6 that CP titanium VT1-0 demonstrates ideal plastic flow in the equivalent strain range 4 to 8. With that the average value of σ YS along the billet cross-section after 4 passes increased by 67% compared to the value for the initial state,
i.e. from σ YS ≈ 360 MPa to σ YS ≈ 600 MPa (see Table 1 ). The maximum flow stress values were obtained for specimens sourced from the corners of the billet cross-section. The σ YS reaches the values of ~640 MPa in these areas. It is important to also note that the main strength gain (95% of the total strengthening after 4 passes) was obtained upon reaching an equivalent strain of e ≈ 2.5. With a further increase in strain, the mechanical properties start to attain their saturation level. In addition, the δ and ψ remain constant at 18% and 67%, respectively, once the saturation strain level (e s ≈ 4) is reached. With an increase in the number of passes, the zone where strain exceeds the saturation threshold gradually fills up the entire cross-section. This leads to leveling out of the mechanical properties and microstructure along the billet cross-section. [14, 31] On the basis of the observations above, as well as the fact that the equivalent strain in the center of the billet cross-section after one pass is 0.5 (see Figure 4) , one can assume that the mechanical properties in the axial area will reach those in the corners of billet after 8 passes,
i.e. once the central region accumulates a strain of e s ≈ 4.
Such saturation of strength properties and stabilization of microstructure are quite common and typically occur in any SPD technique with a simple shear deformation scheme, for instance, HPT. Such effect is recorded in a wide range of materials in ref. [18, 19, 20, 22, 32, 33, 34] The possible explanation of mechanisms responsible for this phenomenon are described elsewhere. [33, 35, 36, 37] Figure 7 shows the calculated σ YS values plotted as a function of the distance to the center R.
σ YS data in Figure 7 was calculated using the relation (16) . It can be seen that the σ YS has a high spread of values across the billet cross-section after the first pass. However, σ YS value distribution becomes almost uniform already after the fourth pass. Data plotted in Figure 7 also confirm the above considerations regarding hardening of the central part of the billet cross-section (see the σ YS values at R = 0). It follows from Figure 7 that the axial zone of the billet demonstrates considerable strain hardening already after the second pass, while after the fourth pass, the σ YS of the material in the center of the cross-section is already close to its maximum value.
Fig. 7. The values of yield stress σ YS calculated after various number of passes and plotted as a function of radius R (distance to the center).
In contrast to TE, similar plots for HPT process always start from the σ YS of the initial material regardless of the number of revolutions, as the center of the material remains almost undeformed. This point corresponds to the initial state of the material at R = 0 (see, for example, Figure 6 in ref. [18] and Figure 3a in ref. [21] ). It is assumed that the principal distinction in strain hardening of the billet's axial zone during HPT and TE is caused by the difference in the deformation mode described in Section 3.1.
There are two distinctive features of the saturation effect in TE compared with that in HPT process. The first one is the fact that the saturation level of the strength properties in TE is lower than that in HPT process [38, 39] (particular values are discussed below). Another feature which distinguishes TE from HPT is the value of the accumulated strain, e s , above which the material does not demonstrate strain-hardening anymore. This peculiarity lies in the fact that the strain-hardening limit in TE occurs at much smaller strain values compared with those in HPT. It follows from the analysis of the plots in Figure 6 of 320 Hv after a lower shear strain of  ≈ 50, [17] which corresponds to an equivalent von Mises strain of e s ≈ 29. Thus, although e s value in HPT differs essentially depending on the process parameters, it is at least 5 times higher than that observed for CP Ti processed by TE.
It should be noted that there could be two possible reasons causing the peculiarities of the saturation effect in TE compared with HPT process. Firstly, it could be the cyclic pattern of deformation during TE. Furthermore, TE process provides significantly lower hydrostatic pressure in the deformation zone compared with HPT. The presence of much higher 20 hydrostatic pressure during HPT leads to the later onset of grain refinement and hardening saturation limits. It also results in smaller final grain size and higher strength properties of the processed material compared with the ones processed by TE. For example, it was shown in ref. [38] that HPT processing of CP Ti Grade 4 under a pressure of 6 GPa leads to strong grain refinement from 40 µm to 105-120 nm and an enhancement of the σ UTS from 700 to 1600
MPa. Another study [39] carried out on CP Ti VT1-0 (the same grade of CP Ti as was used in this study) has shown that after HPT under an applied pressure of 5 GPa, the material demonstrates σ YS values higher than 800 MPa, σ UTS of 980 MPa and elongation to fracture of 12%. These strength properties are much higher than those obtained after TE. Such high levels of strength and grain refinement cannot be achieved by TE or any other SPD process with much lower (compared with HPT) hydrostatic pressure in the deformation zone.
Conclusions
1. During TE processing, the strength and plastic characteristics of CP titanium attain saturation when the following conditions are met:
-pressure in the deformation zone in the range 300-700 MPa;
-equivalent plastic strain in the range 4-8;
-temperature in the range 300ºC -400ºC.
Under these conditions, the material demonstrates neither strain-hardening nor fracture. This fact indicates the occurrence of an ideal plastic state in the processed material.
2. It was theoretically and experimentally proved that the strain-hardening of material on the extrusion axis during TE reaches its saturation value much earlier than that observed during HPT process. The assumption behind this observation is that the time vs strain count-down starts from the moment when an ideal plastic state is reached on the periphery of the billet. It was shown that the values of mechanical properties in the center of the titanium billet become exactly equal to those in the peripheral areas already after 8 TE passes, when the accumulated plastic strain on the axis reaches the saturation level e s ≈ 4. 
